In recent years, the transverse mode instability (TMI) has been a main limiting factor of average power scalability of high-power fiber lasers with near-diffraction-limited beam quality. A number of strategies in experimental or theoretical scopes have been proposed to mitigate the TMI, especially in the bulk-optic systems. In this paper, the enhancement of the TMI threshold is to be systematically investigated in a monolithic high-power large-modearea (LMA) Yb-doped fiber laser system, by all-optical strategies including optimizing the pump distribution as well as adapting the seed power during operation. It is demonstrated that the TMI threshold can be dramatically increased under counter-pump and bi-directional pump regime compared with the co-pump regime. Further enhancement of the TMI threshold is achieved via optimizing the ratio of the forward pump power to the total pump power under bi-directional pump regime. As a result, a ∼3 kW TMI-free high-power output is realized. Moreover, the systematical study on the effect of the seed laser on the TMI threshold reveals a rising trend of the TMI threshold with the seed power increased. At the same time, a semi-analytical model considering both the gain saturation and the photo-darkening effect is set to theoretically analyze the TMI threshold, manifesting good agreements with the experimental data. This paper provides a valuable reference for the construction of monolithic high-power LMA fiber-based laser system in terms of effectively mitigating the TMI threshold.
Towards the Enhancement of the TMI

Introduction
Recently fiber laser has continuously broken through its output power [1] , [2] and found applications in a number of fields [3] - [5] due to variable intrinsic advantages such as high brightness, convenient heat management, robust structure and so on. However, a new detrimental effect called transverse mode instability (TMI) begins to limit the derivation of both high output power and near-diffraction-limited beam quality. It originates from the thermal-induced refractive index grating giving rise to the energy transfer between the fundamental mode and the high-order modes (HOMs) [6] - [8] and has been observed in various fiber laser systems [9] - [16] . Such refractive index grating was generally thought as the result of the refractive index modulation by the interference pattern between the fundamental mode and the HOM due to thermal-optical effect. So, semi-analytical [17] - [19] or fullnumerical models [7] , [20] , [21] have been developed to theoretically analyze the TMI's properties and then corresponding mitigation strategies were proposed. In point of the experiment, most of the reported work about TMI mitigation referred to the bulk-optic fiber laser systems so far [22] - [30] , lacking in the advantages of monolithic fiber laser systems in compactness and reliability with respect to spatial alignment and end damage [31] - [33] . Up to now, some cases related to the TMI issue in monolithic fiber oscillator have been already investigated [34] - [36] . However, there has been little systematical study on the enhancement of the TMI threshold in monolithic high-power fiber amplifier system, although some research has reported the observation of TMI or partially involved the TMI-mitigation strategies in either experiment or theory scope [37] - [40] .
There have been many TMI-mitigation strategies concerning the parameters optimization of either the active fiber itself or the whole laser system. The active fiber-based ones included new designs of the active fiber [23] , [25] , [41] , [42] , optimizing numerical aperture [24] , [27] or dopant concentration of the active fiber [43] , [44] , enlarging core/inner cladding diameter ratio of the active fiber [17] , [45] , optimizing bend diameter of the active fiber [24] , [27] , [46] and so forth. Then the system-based ones referred to shifting pump or signal wavelength [39] , [47] , changing the linewidth of the signal laser or pump laser [48] , [49] , controlling the excitation of mode content at injection end of the amplifier [22] , adapting the cooling condition [20] , [49] , and so on. The recent research even disclosed that TMI was related to the occurrence of the nonlinear effects such as the stimulated Brillouin scattering (SBS) [50] and the stimulated Raman scattering (SRS) [51] , [52] , which provided new cognitions to suppress the TMI in terms of optimizing the system configuration to prevent the nonlinear effects. Furthermore, some latest in-depth research targeting the physical origin of the phase shift between the refractive index grating and the modes interference pattern has proven that the active control of the phase shift by the pump modulation was feasible to mitigate the TMI [30] , [53] . However, most system-based strategies could not be carried out synchronously during the operation of the laser system and extra mechanical or electrical instruments were required generally, which complicated the system. By contrast, the completely all-optical strategies, such as optimizing the pump distribution and the injected seed power without any change of the system during operation, are more convenient to enhance the TMI threshold based on the simplified system. Yet, the effect of optimizing the pump distribution on improving the TMI threshold was only systematically exploited in theory scope [26] , [54] . For the monolithic fiber laser system, the investigation in experiment scope was less conducted. Shi et al. have experimentally demonstrated the enhancement of the TMI threshold by changing pump direction [38] , but the TMI threshold under counter-pump regime was proved lower than that under the co-pump regime, which run counter to the existing models and the underlying reason still needed to be explained. Meanwhile, the optimization of the forward and the backward pump allocation in bi-directional pump regime was not investigated in this work, and no theoretical model was provided to support all the experimental results, either. Li et al. have experimentally demonstrated the TMI threshold enhancement by the counter-pump regime in a 2 kW level monolithic fiber amplifier system [37] . Nonetheless, the investigation on the bi-directional pump regime was not completed. A relevant theoretical model was erected to analyze the potential of the bi-directional pump regime for the TMI suppression compared with the co-and the counter-pump regimes, but the experimental demonstration was absent. Meanwhile, the optimization of the forward and the backward pump allocation in the bi-directional pump regime was not considered in the model either. In addition, in terms of adapting the seed power to suppress TMI, most of the previous studies mainly concentrated upon the theoretical analysis as well [17] , [37] , [55] , [56] . There has been an experimental demonstration [57] , while it was just in a few-mode fiber-based system at low power level. Up to now, the corresponding systematical investigation has not been conducted in high-power large-mode-area (LMA) step-index fiber laser system. In this paper, the enhancement of the TMI threshold is systematically investigated in a monolithic high-power LMA Yb-doped fiber amplifier by optimizing the pump distribution as well as controlling the seed power in both experiment and theory scopes. It is demonstrated that the TMI threshold is heavily dependent on the pump directions. Accompanied with the optimization of the power distribution in the bi-directional pump regime, a ∼3 kW output is eventually demonstrated. Further experiments revealed an increasing trend of the TMI threshold with the seed power increased. Meanwhile, theoretical analyses are conducted based on the semi-analytical model developed by our group, showing good agreements with the experimental data.
Experimental Setup
The experimental setup is schematically depicted in Fig. 1 . The high-power Yb-doped fiber laser system has a typical MOPA structure, consisting of an oscillator and one-stage amplifier. The resonator cavity of the oscillator comprises a piece of large mode area (LMA) Yb-doped fiber (YDF) and a pair of fiber Bragg gratings (FBGs). The absorption coefficient is ∼0.43 dB/m at 915 nm pump wavelength, so a 38 m-long long fiber is needed to ensure effective absorption of the pump source at 915 nm. The Yb-doped fiber has core/inner cladding diameters of 20 μm and 400 μm respectively, and the core/inner cladding apertures are 0.065 and 0.46 respectively. The high reflectivity (HR) FBG is centered at 1080.013 nm with a 3 dB bandwidth of 3.038 nm and a reflectivity of >99.9%. The output coupling (OC) FBG is centered at 1080.021 nm with a 3 dB bandwidth of 1.013 nm and a reflectivity of ∼9.8%. Both the HR FBG and the OC FBG are written on the passive fiber with the same core/cladding sizes as the active fiber. The oscillator is capable of yielding more than 100 W power, pumped by laser diodes (LDs) centered at 915 nm and launched into the amplifier through a forward (6 + 1) × 1 signal/pump combiner.
The amplifier has two configurations. Based on the configuration 1 in Fig. 1(a) , the investigation on the effect of pump distribution on TMI threshold is systematically conducted. A 13 m-long LMA YDF with core/inner cladding diameters of 25/400 μm is utilized, with an absorption coefficient of ∼1.92 dB/m at 976 nm. The core/inner cladding apertures are 0.065 and 0.46 respectively. The input port of the backward (6 + 1) × 1 signal/pump combiner has the same size as the active fiber and its output port has core/inner cladding diameters of 25/250 μm. Six pump modules are available for both the forward and the backward directions. A 3 m-long passive fiber with core/inner cladding diameters of 25/400 μm is added to deliver the signal power and two cladding light strippers (CLSs) made from high-index gel are coated on it to remove the cladding light (including residual pump light and the signal light coupled into the cladding). At the end, a quartz beam head (QBH) in the same size as the passive fiber is employed to avoid the end feedback and the end damage. As shown in configuration 2 in Fig. 1(b) , after the laser system has been operating for a long time, the backward pump/signal combiner is replaced by a 2 m-long passive fiber with the same size as the active fiber and the same length as the backward pump/signal combiner, maintaining the total length of the system unchanged. Then the study on the effect of the seed power on the TMI threshold is carried out.
Experimental Investigations
Based on the configuration 1 in Fig. 1(a) , when seeded with 107.5 W signal laser and pumped under the co-pump regime, a 1340 W output power is obtained with sawtooth-like fluctuation arising in the time trace and characteristic frequency components within several kHz showing up in corresponding Fourier transform spectrum, as shown in Fig. 2(a) . These are both the typical features of the TMI which result from the cross-coupling between the fundamental mode and the HOMs and then the power leakage through CLS [58] , [59] . Besides, the factor σ introduced in Ref. 60 is also used to quantize the TMI threshold [60] :
where P(ν) is the spectral density at the frequency of ν within the range from 0 Hz to 25 kHz in frequency domain. Generally, from the point of experiment, it is reasonable to regard a power range within which the value of σ varies from 10% to 50% as the TMI threshold due to the dramatical increase of the value of σ once the TMI occurs. At the power of 1340 W, σ has a value of 22.9%, reasonably reflecting the TMI threshold under the co-pump regime. When pumped under the counter-pump regime, the TMI threshold is enhanced to 1990 W, with an increase of 650 W compared with the co-pump regime, as illustrated in Fig. 2(b) . Further, the TMI threshold is improved to 2600 W when pumped by the bi-directional pump regime as illustrated in Fig. 2(c) , in which the forward pump power is 1336 W and the backward pump power is 2004 W (the ratio of the backward pump power to the total pump power is ∼60%). It is also noted that the slope efficiency under the counter-pump regime is higher than that under the co-pump and the bi-directional pump regime, which agrees with the reported results [34] , [38] . However, with the forward pump power maintained and the backward pump power further increased, the output power continues to increase linearly while the threshold features in temporal and frequency domain are not strengthened. The values of σ are calculated to be 19.3%, 45.1% and 94.5% at powers of 2820 W, 2980 W and 3030 W, respectively. The threshold features in both time and frequency domains at the output power of 2980 W and 3030 W are shown in Fig. 3(a) and (b), respectively. The strength of the TMI at 3030 W is far stronger than that at 2980 W. So it is thought that the true TMI threshold is below 3030 W and the TMI threshold begins to decline with the ratio of the backward pump power increased further, which agrees with the reported result in Ref. [54] . As a result, the 2980 W is regarded as the final TMI threshold under the bi-directional pump regime, with a leap of 1640 W compared with the co-pump regime. These results effectively reveal the effect of optimizing the pump distribution on improving the TMI threshold. At this output power, no amplified spontaneous emission (ASE) and stimulated Raman scattering (SRS) light are observed in the output spectrum, and the signal to noise ratio (SNR) is as high as 35 dB, as shown in Fig. 3(c) .
Based on the configuration 2 in Fig. 1(b) , the effect of seed power on the TMI threshold is investigated. To begin with, the seed power is set as 107.5 W. It is found in Fig. 4(a) that the slope efficiency of the amplifier is improved somewhat compared with configuration 1, because the insertion loss induced by backward combiner is eliminated in this configuration. Such insertion loss includes the inherent insertion loss of the backward combiner and the splicing loss between its output port and the following passive fiber due to the difference in their inner cladding diameters. However, despite the increase of the slope efficiency, the TMI threshold declines to 964 W, as demonstrated in Fig. 4(a) . Considering that the laser system has been operating under highpower state for a substantially long time in previous experimental research, the reduction of the TMI threshold may be attributed to the photo-darkening (PD) effect which is tightly related to the operation time and operating power level [40] . It has been theoretically and experimentally demonstrated that PD effect has a significant impact on TMI threshold in spite of a little loss induced by it [61] , [62] . However, even if the PD effect causes a little reduction of efficiency due to increased inherent loss of the active fiber, it is finally compensated by the removal of the insertion loss of the backward combiner. So, the increase in slope efficiency is still observed.
Under such operation state, the measured TMI thresholds under different seed powers are displayed in Fig. 4(c) , revealing that the TMI threshold increases with seed power rising. When seed power is below 58.4 W, the increase of TMI threshold features a rapid nonlinear trend due to gain saturation effect. When seed power is above 58.4 W, TMI threshold increases slowly and has an approximately linear trend with seed power growing further because the role that the gain saturation effect plays becomes weaker and weaker. It is anticipated that higher TMI threshold could be achievable if higher seed power is available. Present limitation for higher seed power comes from the power level that the input signal port of the forward signal/pump combiner can endure.
Theoretical Analyses
To theoretically illustrate and analyze the experimental data, a semi-analytical model considering both the gain saturation and the PD effect is developed by our group to calculate the TMI threshold [17] . In this model, the signal laser intensity pattern resulting from the interference between the fundamental mode and the HOM will determine the volume heat-generation density Q(r, φ, z, t) and further contribute to forming the refractive index grating causing the energy transfer between the fundamental mode and the HOM. The heat-generation density Q(r, φ, z, t) stems from the quantum defect and the linear absorption. The linear absorption includes the inherent absorption of the active fiber and that induced by possible PD effect. It is assumed that all the signal power absorbed owing to the linear absorption is converted into heat load. Then the Q(r, φ, z, t) is expressed:
where v p and v s are the optical frequencies of the pump laser and the signal laser, respectively. The g(r, φ, z, t) is the gain coefficient of the amplifier along the active fiber. The I s (r, φ, z, t) is the intensity of the signal laser along the active fiber. The γ(r, φ, z) is the linear absorption coefficient. The gain of the amplifier g(r, φ, z, t) and the steady state population inversion fraction n u (r , φ, z, t) are given by:
where the σ , φ) is the doping profile, and the P p (z, t) is the pump power distribution. The A p is the area of the pump cladding, and the τ is the Yb ion lifetime at the excited-state. So the nonlinear coupling coefficient which reflects the energy coupling strength between the fundamental mode and the HOM is expressed as:
where
where the κ is the thermal conductivity. The η is the thermal-optic coefficient. The I satur ati on is the saturation intensity. The ρ is the thermal density. The C is the specific heat capacity. The ω 1 and ω 2 are the angular frequency of the fundamental mode and the HOM, respectively. The ψ 1 and ψ 2 are the normalized mode profile of the fundamental mode and the HOM, respectively. J v is the Bessel function of the first kind, and δ m is the positive roots of
the convection coefficient for the cooling fluid). For the case where the TMI are induced by the quantum noise, the high-order mode fraction is given as:
where L is the length of the gain fiber, 0 denotes the frequency of the maximum of χ( ). χ"( ) denotes the second derivative of χ( ) with respect to . The α is the bend-induced power loss of the HOM by bending the gain fiber. Here bend-induced loss is taken into consideration in a simple way, and the effect of bend-induced mode distortion has not been considered. The TMI threshold is defined as the power level at which the amount of the HOM content is above 10% at the output end. Corresponding to the phenomena observed in the experiment when the TMI occurs, the time trace of the output laser will fluctuate and the characteristic frequencies will show up in its Fourier transform spectrum. The parameters in the simulation are listed in Table 1 . the bend loss of LP 11 mode is supposed as 63 dB m −1 to have a good fit with experimental results under the co-pump regime. In simulation investigating the influence of the pump distribution on the TMI threshold, the PD effect is neglected. With the seed power of 107.5 W, the comparison between the simulated results and the experimental data is shown in Table 2 .
For the co-pump regime and the counter-pump regime, the calculated TMI thresholds are close to experimental ones within reasonable errors. Due to stronger gain saturation effect in counter-pump regime [54] , calculated TMI threshold is higher than that under the co-pump regime, which agrees with the experimental result. For the bi-directional pump regime, the calculated TMI threshold displays a rising trend with the ratio of backward pump power increasing, which also accords well with the experimental results and the conclusion in Ref. 54 that the TMI threshold under the bi-directional pump regime could be maximized by optimizing the ratio of the backward pump power to the total pump power. The root reason is also located at the difference in gain saturation effect when the ratio of the backward pump power is changed. However, it is noted that with the ratio of backward pump power increasing, the deviation between the simulation and experimental results become relatively larger. The increasing trend in the experiment is more obvious than that displayed in the simulation. The possible reason is rooted in the fact that, with the ratio of the backward pump power varying, the heat distribution along the active fiber changes synchronously and hence causes the variation of the active fiber's bend loss due to the thermal-optical effects [25] . Such variation of the bend loss is not considered in the theoretical model, which could give rise to the deviation between the experimental and the simulated results. To make the simulation results agree better with the experimental data, corresponding modifications to comprehensively consider the perturbation of the bend loss are needed in the future work. In addition, it is worth noting that the different definitions of the TMI threshold in points of experiment and theoretical model also lead to the deviation somewhat.
To investigate the seed power on TMI thresholds, the theoretical model is modified to consider the PD effect as observed in the experiments. In the modified model, the heat load that the PD effect contributes to is introduced by the distributed equilibrium photodarkening loss caused by the PD effect. The distributed equilibrium photodarkening loss is given as below [17] :
where α is a parameter dependent on the material property [43] , [63] . The n u (r , φ, z, t) is steady state population inversion fraction and N Yb (r , φ) is the doping profile of Yb ions. In the simulation, the value of α is adapted to match the efficiency reduction of the amplifier caused by the PD effect. When efficiency reduction is selected as ∼0.6%, the calculated TMI threshold decreases to be ∼950 W, which is close to the experimental value of 964 W presented above. This result validates that the selection of PD-induced efficiency reduction and the PD-induced reduction of the TMI threshold are self-consistent with each other. In all the following simulation, the same value of PD-induced efficiency reduction is used.
With the seed power rising, both the experimental and the simulation data are displayed in Fig. 5(a) . The experimental and the simulated results agree well with each other in general. Due to the gain saturation effect, the simulated TMI threshold increases with the seed power rising, but the increasing rate gradually slows down because the gain saturation effect plays weaker and weaker role in suppressing the TMI.
It is noted that, when the seed power is below 58.4 W, the deviation begins to arise and enlarge as the seed power further decreases. The reason may be rooted in the fact that the linewidth of seed laser is not taken into consideration in the simulation. As shown in Fig. 5(b) is the measured rootmean-square (RMS) linewidth of the seed laser at different powers. With the seed power increasing, the increasing trend of laser linewidth coincides well with the increasing trend of measured TMI thresholds. It has been reported that broadened linewidth of seed laser led to higher TMI threshold due to degradation of the coherence between the fundamental mode and the HOM [48] . So, the linewidth may be another reason influencing the TMI threshold, except for the difference in gain saturation effect under varied seed power. As a result, the synchronous interaction of the gain saturation effect and the linewidth may give rise to the deviation between the experimental and the simulation results. However, in the work of Ref. 48, the theoretical model was mainly based on the opinion that the refractive index grating was induced by polarizability difference of population inversion (including excited ions and un-excited ions) modulated by the modal interference between the fundamental mode and the HOM. This model was generally utilized in the case of few-mode active fiber with high concentration and high aperture at low power level. Besides, it was pointed out that such grating would be weakened at high pumping or signal power, not like in the case of the thermal-induced grating in low-NA LMA fiber. At present, it is difficult to consider the influence of the linewidth in our model which concentrates more on the refractive index grating induced by the thermal load in high power low-NA LMA-fiber-based laser system. So, the reasonable modification referring to the model in Ref. 48 may be introduced in future work to help us obtain better consistency between the theoretical analysis and the experimental data in high power low-NA LMA-fiber-based laser system.
As discussed above, for both the pump distribution-dependent and the seed power-dependent TMI thresholds, the simulation results show good agreements with the experimental data. These results powerfully predict the promising potential of this monolithic high-power fiber laser system for more than 3 kW power scaling given that some other TMI mitigation strategies are combined, for example, enlarging the core/inner cladding diameter ratio of the active fiber, reducing the numerical aperture or the dopant concentration of the active fiber, reforming the cooling system to lower the local heat load of the active fiber [49] , increasing the linewidth of the seed laser [48] , [64] , stabilizing the laser system to lower the noise [65] , optimizing the bending of the active fiber [66] , and so on.
Conclusion
In this paper, two kinds of all-optical strategies to enhance the TMI threshold in a monolithic high-power LMA Yb-doped fiber amplifier, i.e., optimizing the pump distribution and adapting the seed power, are systematically investigated from both the experimental and the theoretical scopes. Such all-optical strategies have the advantage allowing convenient control on the system during operation. A ∼3 kW TMI-free high-power output is demonstrated as the result of optimizing the pump distribution. Furthermore, the TMI threshold enhancement by adapting the seed power is revealed. For both these two strategies, the simulation results show good agreements with the experimental data. This work provides a valuable reference for the construction of monolithic high-power LMA active fiber-based system in terms of effectively mitigating the TMI. Combined with other available TMI-mitigation strategies, more powerful monolithic fiber laser system will be accessible.
